ABSTRACT We determined the phenology of the multicolored Asian lady beetle, Harmonia axyridis (Pallas), adults in relation to the phenology of wine grapes (Frontenac and Marechal Foch) in Minnesota and Wisconsin vineyards to establish a management window for H. axyridis infestations in wine grapes. In addition, we also assessed the ßight activity of H. axyridis in an agricultural landscape. The phenology of berry development and ripening was determined by recording berry size and sugar content of randomly selected berries. The phenology of H. axyridis was determined by tracking its ßight activity with yellow sticky cards in vineyards and with a blacklight trap in an agricultural landscape. Berry development and ripening showed three distinct growth periods or phases. The end of growth period I averaged 9 July (Frontenac) and 11 July (Marechal Foch). Veraison, which marks the end of growth period II, averaged 25 July (Frontenac) and 3 August (Marechal Foch). Harvest, the third growth period averaged 18 September for Frontenac and 17 September for Marechal Foch. A major peak of H. axyridis captures occurred between veraison and harvest (i.e., the grape susceptible stage). A similar peak in the summer was observed in the agricultural landscape Ϸ10 d before the major peak in the vineyards.
French-American wine grape hybrids are commonly grown in eastern and midwestern North America. These hybrids (e.g., Frontenac and Marechal Foch) originated from crosses between French or European Vitis vinifera and American wild vines such as V. riparia and V. labrusca (Plocher and Parke 2001, Pollefeys and Bousquet 2003) . Frontenac is a cold hardy, vigorous, and disease resistant red wine grape variety that has become important for cold climates worldwide (Plocher and Parke 2001) . Marechal Foch is also popular for making red wine (Pollefeys and Bousquet 2003) , but it is not as cold hardy as Frontenac, which can tolerate temperatures as low as Ϫ35ЊC (Plocher and Parke 2001) . Despite the popularity of these two grape varieties in the upper midwestern United States, there is little information on their phenology, particularly with regard to grape berry development and susceptibility to pests (Bordelon et al. 1997, Plocher and Parke 2001) .
The multicolored Asian lady beetle, Harmonia axyridis (Pallas), has recently become an economically signiÞcant contaminant pest in the wine making process in the eastern United States. H. axyridis adults tend to aggregate on clusters with injured berries just before harvest and eventually may be incorporated with the grapes during wine processing (Koch et al. 2004; Pickering et al. 2004; Galvan et al. 2007a, b) . Once disturbed or crushed along with the grapes, H. axyridis releases a yellow ßuid, a process known as reßex bleeding, which contains alkaloids and alkylmethoxypyrazines that affect wine ßavor (Al Abassi et al. 1998 , Dixon 2000 , Pickering et al. 2005 ). The sensory threshold (i.e., action threshold) of H. axyridis in wine is between 0.1 and 0.2 H. axyridis adult per cluster (Pickering et al. 2006a , Galvan et al. 2007b . Such a low threshold shows the potential damage H. axyridis poses to the wine industry. Economic consequences of this pest include complete losses of the contaminated wine or increased production costs from additional time and labor needed to control H. axyridis (Galvan et al. 2006a) .
Remediation procedures of tainted wine using oak chips, activated charcoal, and deodorized oak have decreased H. axyridisÐrelated taint, but it has not completely removed the taint from contaminated wine (Pickering et al. 2006b ). Therefore, the use of control measures such as insecticides to manage H. axyridis before it can become a wine contaminant are essential for reducing the economic impact of this pest in the wine industry. Enumerative and binomial sampling plans have been developed to estimate levels of pest infestation (Galvan et al. 2007a) , sensory-based action thresholds exist to determine the relationship between levels of infestation and resulting taint (Galvan et al. 2007b) , and evaluations of the efÞcacy of several insecticide options have been conducted (Galvan et al. 2006a ). However, to optimize a pest management program for H. axyridis in wine grapes, it will be important to determine the growth stages where wine grapes are susceptible to H. axyridis (i.e., plant phenology) and the timing of H. axyridis infestation in relation to these susceptible growth stages (i.e., insect pest phenology). The temporal overlap of wine grape susceptible stages and H. axyridis infestations will determine the key management window for this insect pest so that wine grape growers can appropriately time and optimize integrated pest management (IPM) tools (i.e., sampling plans, action thresholds, and control options).
In this article, we have four objectives. First, we describe the phenology of berry development and ripening for Frontenac and Marechal Foch wine grapes in Minnesota and Wisconsin and determine the three phases of berry development and ripening, based on sugar content and berry diameter, using a degree-day model. Second, we describe the phenology of H. axyridis adults in Frontenac and Marechal Foch vineyards in Minnesota and Wisconsin to determine the timing of peak trap catch of H. axyridis in yellow sticky traps in vineyards, based on degree-day accumulation and Julian calendar. Third, we present the ßight activity of H. axyridis adults in an agricultural landscape including soybeans, sweet and Þeld corn, and alfalfa Þelds in Minnesota and describe the timing of peak trap catch of H. axyridis in a blacklight trap based on degree-day accumulation and Julian calendar. Fourth, we compare the timing of peak trap catch of H. axyridis adults in vineyards with the timing of peak trap catch of these insects in an agricultural landscape using degree-day and Julian calendar models. Together, these objectives help to elucidate the presence and movement of H. axyridis in vineyards.
Materials and Methods
Commercial vineyards of the wine grape varieties Frontenac and Marechal Foch were sampled in 2004 . Vineyards were located in Hastings (2004 ), Stillwater (2005 ), and Afton (2005 , MN, and Somerset (2005 and , WI. Vineyards ranged in size from 1 to 5 ha. The agricultural landscape was located at the University of Minnesota Outreach, Research and Education (UMORE) Park, Rosemount, MN, and the data were collected from 2000 to 2007 in a Þxed blacklight trap surrounded by Þelds of soybeans, sweet and Þeld corn, alfalfa, rye, barley, and wheat. The blacklight trap, located within the agricultural landscape, was 40 km from the nearest vineyard (Hastings, MN).
Grape Phenology. The phenology of berry development and ripening of Frontenac and Marechal Foch was determined by the berry diameter (mm) and sugar content (Brix). Berry diameter was measured with a ruler, and the sugar content was determined by squeezing grape berries and placing the juice into a hand-held refractometer (Sper ScientiÞc, Scottsdale, AZ). Refractometer readings provide an indirect measurement of sugar content because the percentage of dry matter in the grape juice is measured (Ribé reau- Gayon et al. 2006) . Once a week in each vineyard, 10 clusters were selected randomly, and one berry was sampled at random from each cluster from the berry set stage (mid-June) to harvest (mid-September The two grape vine stages studied here (i.e., berry development and ripening) are divided into three grape berry phases called growth periods I, II, and III (Winkler et al. 1962 , Coombe 1995 , which are the main phenological events of grape berries according to Winkler et al. (1962) . Growth period I is characterized by a rapid increase in berry diameter and no sugar accumulation. Growth period II, or lag phase, is characterized by no changes in berry diameter or sugar content. Finally, growth period III is characterized by the resumption of berry growth and the beginning of sugar accumulation. The transition from growth periods II and III is veraison, when grape berries soften and change colors (Winkler et al. 1962 , Coombe 1995 . To determine these growth periods, we related the berry diameter and sugar content from each sample date to the degree-day accumulation at that date. Therefore, the three grape berry growth periods, or phases, develop during two grape vine stages: the berry development and ripening grape vine stages (Winkler et al. 1962 , Coombe 1995 . For each site, air temperature data from the Midwestern Regional Climate Center (Champaign, IL) were used to calculate degree-day accumulation. Air temperature degree-days accumulated from 1 January were calculated using Forecaster software (Ascerno and Moon 1989) , which uses a double sine-wave method. The lower developmental threshold for wine grapes was set at 10ЊC (Amerine and Winkler 1944 ). An upper temperature threshold was not used in the calculations.
We also compared the predicted and observed Julian dates for the end of growth periods I and II to evaluate the use of a degree-day accumulation model to predict these events. We used data from 2005 to estimate the degree-day accumulation at the end of growth periods I and II for each variety and location, which we used to predict the dates of these growth periods in 2006. Predicted Julian dates were estimated by, Þrst, calculating the mean degree-day accumulation for each growth period across all the vineyards in each variety using data collected in 2005. We used the mean degree-day accumulation to predict the date at which these phenological events occurred in 2006 for each varietyÐlocation combination. These predicted dates were compared with the observed dates from 2006 using t-tests to test for statistical differences (␣ ϭ 0.05) (SAS Institute 2006 For statistical analyses, we used the proportion of H. axyridis adults caught on yellow sticky traps per week for each variety-vineyard-year combination rather than the number of beetles caught. Data were modeled using the Lorentzian equation:
where f(x) represents the probability of H. axyridis caught on yellow stick card per week using degree-day accumulation or Julian calendar (x), represents the amplitude of trap catching at the peak of H. axyridis ßight activity, ␤ represents the timing of the peak of H. axyridis ßight activity, and ␥ describes the shape of the H. axyridis ßight activity curve (Brown 1994 , Bartels et al. 1997 ). Degree-day accumulation was calculated as described above (Grape Phenology), but the lower development threshold for H. axyridis was set at 11.2ЊC (LaMana and Miller 1998) .
Harmonia axyridis Flight Activity in an Agricultural Landscape. The phenology of H. axyridis adults in an agricultural landscape near Rosemount, MN, was determined from ßight activity of these beetles using a blacklight trap. and other lady beetle adults were identiÞed as described above.
For statistical analyses, we used the proportion of H. axyridis adults caught in the blacklight trap per week instead of the number of beetles caught. The Lorentzian equation 1 was used to model the probability of H. axyridis caught in a blacklight trap per week, f(x), by the degree-day accumulation or Julian calendar (x).
Results
Grape Phenology. Berry development and ripening stages of Frontenac and Marechal Foch wine grapes measured by the berry diameter (mm) showed three distinct growth periods (Figs. 1; Table 1 ). Predicted and observed Julian dates for the end of growth period I for Frontenac (t ϭ 25; df ϭ 1; P ϭ 0.0255) were statistically different (Table 2 ). However, predicted and observed Julian dates for the end of growth period I for Marechal Foch (t ϭ 11; df ϭ 1; P ϭ 0.0577) and growth period II (Frontenac: t ϭ 5; df ϭ 1; P ϭ 0.1257 and Marechal Foch: t ϭ 9; df ϭ 1; P ϭ 0.0704) were not statistically different (Table 2 ). For Frontenac, the lag time between the end of period I (9 July) and veraison (25 July) was 16 d and between veraison and harvest (18 September) was 55 d (Table 2) . For Marechal Foch, the lag time between the end of period I (11 July) and veraison (3 August) was 23 d and between veraison and harvest (17 September) was 45 d (Table 2) .
Harmonia axyridis Flight Activity in Vineyards. All year-location-variety combinations showed a major trap catch peak at the end of the grape growing season, near harvest (Figs. 2Ð 4) . Also, a minor trap catch peak was observed in most year-location-variety combinations at the beginning of the growing season, around the bud swell stage (Figs. 3 and 4) . For the purpose of determining a management window for H. axyridis, we limited the analyses to the major peak only because it started at the end of growth period I and ended at harvest (Figs. 2Ð 4) . The end of growth period I occurred at 190 Julian date (9 July). At this date, the mean Ϯ SE degree-day accumulation for all yearlocation-variety combinations was 600 Ϯ 24 using a lower development threshold of 11.2ЊC for H. axyridis. Therefore, the models developed to determine the peak of H. axyridis ßight activity in the vineyards with degree-day accumulation as a predictor started at 600 DD and with Julian date as a predictor started at 190 DD.
Because the degree-day and Julian date models explained H. axyridis infestations similarly based on r 2 (Figs. 2Ð 4), and because it would be easier for growers to use Julian days than temperature-based models, we present only the parameters for the models using Julian date as a predictor (Tables 3 and 4 (Table  4 ). The parameter showed that 35 (2004), 33 (2005) , and 50% (2006) of H. axyridis adults were caught at the peak trap catch (Table 4) .
Harmonia axyridis Flight Activity in an Agricultural Landscape. During the sampling period, 2000 Ð 2007 growing seasons, a major peak in trap catch was observed at the end of the growing season (Fig. 5) . For some years, 2001 and 2006 for example, one or two minor peaks in trap catch were observed before the major peak (Fig. 5) . The Lorentzian equation was also used to determine the major peak of H. axyridis ßight activity in agricultural landscapes with degree-day accumulation and Julian dates covering the entire range of data collection in each year. Here, we also present only the model parameters using Julian days as a predictor because both models explained H. axyridis infestations based on r 2 (Fig. 5) . Timing of the peak trap catch of H. axyridis in the blacklight trap was determined by the ␤ parameter based on Julian calendar (Table 4 ). The models for all years, except 2001, were statistically signiÞcant at ␣ ϭ 0.05 (Table 4 ). The mean peak Ϯ SD of trap catch occurred at 237.51 Ϯ 19.58 Julian days (Table 4 ). The parameter showed that 37% of H. axyridis adults were caught at the peak trap catch (Table 4) .
Comparisons Between Vineyards and Agricultural Landscape. The mean Ϯ SD harvest date for all 10 year-location-variety combinations was 18 September Ϯ 9.54 d ( (Table 5 ). The numerical difference between the peak ßight activity in vineyards and agricultural landscape was Ϸ10 d (Table 5 ). The occurrence of the earlier trap catch peak in the agricultural landscape was also observed on a year by year basis and ranged from 5 (2004) to 15 (2006) d (Table 5) .
Discussion
Grape Phenology. Wine grape phenology includes Þve stages: (1) shoot and inßorescence development; (2) ßowering; (3) berry development; (4) ripening; and (5) senescence (Coombe 1995) . In this study, we determined the timing of two of these stages, berry development and ripening, for Frontenac and Mare- chal Foch wine grapes based on berry diameter (mm) and sugar content (Brix). Berry development and ripening of Frontenac and Marechal Foch wine grapes showed the three distinct growth periods of grape berries (Winkler et al. 1962) . Growth period I started at berry set (Ͼ2 mm), when berry diameter and weight increased very rapidly, and ended when berry growth halted. However, berry diameter halt was not noticed in Frontenac, Somerset, WI, in 2005 . During this period, berries did not accumulate sugar (Winkler et al. 1962 , Reid et al. 2003 . For Frontenac, the end of growth period I occurred at Ϸ700 DD (9 July) when berry diameter was Ϸ10 mm and for Marechal Foch occurred at Ϸ730 DD (11 July) when berry diameter was Ϸ9 mm (Tables 1 and 2 ). We did not Þnd any reference to which these values could be compared for Frontenac and Marechal Foch. However, the end of growth period I for these varieties was later than the end of growth period I for European varieties grown in California (mid-June) and required more degreedays than Cabernet Sauvignon grown in Canada (Ϸ400 DD) (Winkler et al. 1962 , Reid et al. 2003 . Growth period II, also known as the lag phase, was characterized by no berry growth or sugar accumulation (Winkler et al. 1962 , Reid et al. 2003 . The end of growth period II occurred when berries resumed their development and sugar began to accumulate. This was also the end of the berry development stage and the beginning of the ripening stage when berries started to soften and change colors and sugar content began to accumulate (i.e., veraison) (Ribé reau- Gayon et al. 2006) . For Frontenac, veraison occurred at Ϸ950 DD (25 July) when berries were 10.5 mm and 5.5 Brix and for Marechal Foch occurred at Ϸ1,080 DD (3 August) when berries were 10 mm and 6 Brix (Tables  1 and 2 ). Similar to the end of growth period I, veraison for Frontenac and Marechal Foch occurred later than veraison for European varieties grown in California (Mid-July) and required more degree-days than Cabernet Sauvignon grown in Canada (Ϸ800 DD) (Winkler et al. 1962 , Reid et al. 2003 . However, European varieties grown at the Horticultural Research Center in Chanhassen, MN, reached berry-set and veraison stages 7Ð10 d later than for Frontenac and Marechal Foch (J. Luby, personal communication).
The harvest for Frontenac (1,541 DD, 12.4 mm, and 24.6 Brix) and Marechal Foch (1,518 DD, 11.7 mm, and 22 Brix) was closer to the European varieties in North America (Winkler et al. 1962 , Reid et al. 2003 . However, harvest dates, primarily in grape-growing regions with small vineyards and wineries such as in Minnesota and Wisconsin, not only depended on the physiological maturity of the grapes (sugar content, pH, and acidity) but also on labor availability and grape processing capability. For the three phases of berry development and ripening covered in this study, predicted and observed Julian dates were not statistically different at ␣ ϭ 0.05 (Table 2 ). This showed that berry development and ripening are inßuenced by temperature and can be predicted using a degree-day model even though phenology is affected by other factors such as humidity and irradiance (Jones 2003) .
Harmonia axyridis Flight Activity in Vineyards. Insect development and movement are strongly inßu-enced or controlled by environmental and weather conditions such as temperature, humidity, and photoperiod (Delahaut 2003) . Within an IPM program, we can take advantage of this inßuence to develop models based on degree-day accumulation or Julian calendar to determine and sometimes predict insect pest infestations (Delahaut 2003, Wold and . Even though other factors such as wind speed, food resources, and photoperiod may be involved, models based only on temperature or Julian dates can be a useful tool in IPM for their simplicity and reasonable power to predict insect ßight activity. The results from the H. axyridis ßight activity study in vineyards showed that the peak trap catch for this insect is similarly determined by models using degreeday accumulation and models using Julian calendar. A similar situation occurs with corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), where the timing of migration from the southern United States to Upper Midwest is well predicted by Julian dates even though other factors may be affecting this movement (Lingren et al. 1994) . Infestation levels of H. axyridis in grape clusters can be predicted by the infestation levels of this insect on yellow sticky traps (Galvan et al. 2006b ). In addition, the ripening conditions of grape berries (e.g., berry injury and sugar content) are also important factors for determining the level of H. axyridis infestation in clusters (Galvan et al. 2006b ). However, yellow sticky traps can be used as an early-warning tool for H. axyridis and to detect the presence of this insect in the vineyard throughout the growing season (Wold and Hutchison 2003) . To make management decisions for H. axyridis in wine grapes, enumerative and binomial sampling plans (Galvan et al. 2007a ) and sensory thresholds (Galvan et al. 2007b ) have been developed. Results from this study add valuable information about the phenology of grapes and H. axyridis and contribute to the present effort to develop an IPM program for this pest in vineyards.
A major peak trap catch of H. axyridis was present across all data sets at the end of the grape-growing season, near harvest (Figs. 2Ð 4) . Also, a minor peak in trap catch was observed in most year-location-variety combinations at the beginning of the growing season, around the bud swell stage (Figs. 3 and 4) . In addition, a gap in between these two peaks occurred in all data sets except Marechal Foch in Hastings 2005 (Figs. 3  and 4) . The early peak in the spring, the late peak in the summer, and the gap between these two peaks are consistent characteristics of H. axyridis phenology in urban and agricultural landscapes Miller 1996, Koch and .
A management window for an insect pest is determined by an overlap of the susceptible stage of the plant with the presence of one or more life stages of the insect pest in the crop (Delahaut 2003) . During this management window, growers can optimize their sampling and control options resulting in less cost and less contamination of the environment with unnecessary insecticide sprays (Doerr et al. 2005) . In the Midwest U.S. H. axyridisÐwine grape system, the mean peak trap catch always occurred between veraison and harvest (i.e., the grape susceptible stage), which extends from the end of July to mid-September. In addition, most trap catch peaks occurred 2Ð3 wk before harvest when grape berries reach their highest sugar content (Figs. 1 and 2 ) and injury levels (T.L.G., unpublished data), creating the perfect conditions for H. axyridis infestations in the clusters.
Harmonia axyridis Flight Activity in an Agricultural Landscape. A major peak in the summer was observed in the agricultural landscape using a blacklight trap and was similar to the ones observed in the vineyards. In the spring, none, one, or more minor peaks were seen in the agricultural landscape. Field observations in a variety of habitats in Oregon showed H. axyridis larvae peak in the spring (MayÐJune) and again in the fall (October) (LaMana and Miller 1996) . Surveys in urban and seminatural landscapes in Belgium also showed the spring and summer peak (Adriaens et al. 2008) . In Japan, similar surveys in the Botanical Garden of Kyoto University also showed a minor peak of H. axyridis adults in the spring and a major peak in the summer (Osawa 2000) . The spring and summer peak may represent the two generations that normally occur under climate conditions similar to Minnesota. However, because other factors (e.g., food resources, wind, and photoperiod) may be inßuencing the trap catch observed in our study, we cannot state that the peak trap catches reported here are generational peaks in Minnesota. For example, H. axyridis populations are known to follow closely the population densities of soybean aphid, Aphis glycines Matsumura (Homoptera: Aphididae), and will remain in soybean Þelds as long as the prey densities stay high (Rutledge et al. 2004) .
Comparisons Between Vineyards and Agricultural Landscape. As previously stated, the peak ßight activity of H. axyridis in vineyards occurred during the susceptible stage of the wine grapes (i.e., timing between veraison and harvest). The peak ßight activity in vineyards happened Ϸ10 d after the ßight activity peaked in the agricultural landscape. This suggests that a time lag exists between the ßight activities of H. axyridis in the two landscapes. The origin of H. axyridis adults in the vineyard is unknown. Studies have shown a good association between densities of prey and H. axyridis populations (Osawa 2000 , Rutledge et al. 2004 ) and with the decline of prey population densities in Þeld crops such as soybeans, corn, and alfalfa, in mid-to late August (Ragsdale et al. 2007) ; part of the H. axyridis population feeding on prey in agricultural Þelds may be moving to nearby vineyards. Finally, our results are consistent with the hypothesis that H. axyridis is bivoltine in North America.
In this study, we described the phenology of wine grapes during the berry development and ripening stages and the phenology of H. axyridis adults in vineyards and in an agricultural landscape. We developed models based on degree-day accumulation and Julian calendar to determine the peak of H. axyridis ßight activity in vineyards and agricultural landscapes. The combined results suggest a management window exists for H. axyridis in wine grapes from veraison to harvest. However, based on current availability of labeled insecticides and their preharvest intervals, the management window may not cover the entire period from veraison to harvest. The time to sample (Galvan et al. 2007a) , make a decision (Galvan et al. 2007b) , and control H. axyridis in wine grapes (Galvan et al. 2006a) can be restricted to 2 wk before harvest. Yellow sticky traps, however, may be used as an early-warning tool starting at veraison.
As H. axyridis populations invade and become established in new areas, more research should focus on the phenology of this lady beetle in current and new habitats to increase our understanding of its biology and ecology. Phenology studies are important tools to manage the non-native species in situations where it becomes a pest (e.g., H. axyridis in wine grapes).
